Effective immune responses against pathogens are sometimes accompanied by strong inflammatory reactions. To minimize damage to self, the activation of the immune system also triggers anti-inflammatory circuits. Both inflammatory and anti-inflammatory reactions are normal components of the same immune response, which coordinately fight infections while preventing immune pathology. IL-10 is an important suppressive cytokine, produced by a large number of immune cells in addition to the antigen-driven IL-10-producing regulatory and the naturally occurring suppressor CD4 + T cells, which is a key player in anti-inflammatory immune responses. However, additional mechanisms have evolved to ensure that pathogen eradication is achieved with minimum damage to the host. Here we discuss those mechanisms that operate to regulate effector immune responses.
IL-10-producing CD4 + Tregs (IL-10 Tregs) can be induced in vitro and in vivo under particular conditions of antigenic stimulation (1) (2) (3) (4) (5) (6) (7) (8) . In mice, these cells share functional properties with naturally occurring CD4 + CD25 + Tregs (naturally occurring Tregs) (9) (10) (11) (12) in that they can inhibit the proliferation of naive CD4 + T cells independently of IL-10 production via cell-cell contact (8) . Intriguingly, these IL-10 Tregs can be isolated from TCR-transgenic, recombination-activating gene-deficient (RAG-deficient) mice (6) , which are devoid of naturally occurring Tregs and do not express the forkhead-winged helix transcription factor Foxp3 (8) , which is required for the development of naturally occurring Tregs (13) (14) (15) (16) . Thus, IL-10 Tregs and naturally occurring Tregs appear to be developmentally distinct.
IL-10 Tregs inhibit T cell expansion in vivo (2) and in certain murine disease models such as experimental autoimmune encephalomyelitis (EAE) (6) via IL-10-dependent mechanisms. Naturally occurring Tregs also inhibit colitis, via the action of IL-10, which they have been shown to produce in vivo under certain conditions (13, 17, 18) . In humans, IL-10 Tregs limit immune responses to Mycobacterium tuberculosis (MTb) antigens and regulate HIV replication (19) , and naturally occurring CD25 + Tregs have been shown to regulate T cell responses to HIV-1-specific antigens (20) (21) (22) . Both Th1 and Th2 responses can be regulated by IL-10 Tregs and by naturally occurring Tregs (23) . Th1 cells producing IFN-γ are critical for the eradication of intracellular pathogens but are also implicated in inflammatory pathologies (24, 25) . Th2 cells, on the other hand, which produce IL-4, IL-5, and IL-13, are important for the regulation of immune responses to helminths but also cause allergic pathologies (24, 26) . In addition to being regulated by naturally occurring Tregs and by IL-10 Tregs, Th1 and Th2 cells also reciprocally regulate the development and function of each other. Because IL-10 is also produced by B lymphocytes (27, 28) , by macrophages, by DCs (29, 30) , and by T cells other than Tregs (25, 27) , it is clear that multiple cell types may contribute to the regulation of immune responses via their production of this cytokine. Thus regulation of the immune response may occur at various layers, each utilizing different mechanisms that, depending on the degree of inflammation and the host response to infection, are called upon at different stages during immune responses.
Strategic plan for immunoregulation
Because of the diversity of antigenic specificities expressed by microorganisms and their ability to mutate under immune selective pressure, it is not possible for the immune system to know a priori which antigens will need to be recognized during the course of an infection. Therefore the immune system has evolved mechanisms to generate a large and diverse set of specificities in order to cope with various pathogens. A necessary consequence of this process is that the immune system is also able to recognize, and thus respond to, self antigens (31) , which may result in mild or severe autoimmune disorders. A normal immune response, adequately directed against a pathogen, may also cause damage to healthy, nonpathogenic, self through the same inflammatory reactions that are necessary for the efficient eradication of the invading pathogen. This collateral damage sometimes causes more harm to the host than to the pathogen itself because many of the cytokines produced by T cells, macrophages, and DCs that activate effector responses and eradicate pathogens also mediate inflammatory and autoimmune pathologies (reviewed in refs. 24, 27, and 32) .
Several mechanisms that control and regulate the immune system to prevent or minimize damage caused by reactivity to self antigens and over-exuberant immune responses to pathogens have been described. Deletion of autoreactive cells during T and B cell development and the induction of anergy in peripheral self-reactive lymphocytes were proposed as major mechanisms for peripheral tolerance (33) . However, avoidance of collateral damage to the host is also achieved by active immune suppression mediated by Treg populations (9-11, 34, 35) .
Various Treg populations have been described, including the CD4 + CD25 + subset (10, 12, 35, 36) as well as CD4 + CD45RB low cells (34, 35, 37) , which contain the CD4 + CD25 + T cell population and can in some cases function via the action of IL-10 (17), cytotoxic T lymphocyte-associated protein 4 (CTLA4) (37, 38) , and/or TGF-β (35, (39) (40) (41) (42) (43) . Other populations of IL-10 (2-8, 19, 44) and TGFβ-secreting Tregs (45) have also been described. It is unclear at this stage whether or how all of these T cell populations are related with respect to their development and function in the inhibition of the immune response at various levels. CD4 + Tregs are currently a highly active area of research in immunology. We will discuss CD4 + Tregs in this review as well as other mechanisms of immune regulation that have been described in the last decade. These mechanisms involve Th1-and Th2-derived cytokines, some of which reciprocally regulate these effector populations and, in addition, inhibit APC function. The actions of other cytokines produced by DCs, macrophages, and B cells, which may also regulate immune responses by directing the subsequent adaptive immune response to inhibit immune pathologies, will also be discussed.
Th1 and Th2 cells are on opposing sides
The nature of the immune response, either Th1 or Th2, determines whether or not adequate pathogen eradication occurs. Th1 cells, by their production of IFN-γ, are critical for the eradication of intracellular pathogens but can also cause inflammatory pathologies (24, 25) . Th2 cells, by contrast, are important for the regulation of responses to helminth parasites, but their production of IL-4, IL-5, and IL-13 results in allergic manifestations (24, 26) . Cytokines directing Th1 and Th2 responses, and produced by the respective subsets, have been shown to cross-regulate each other's development and function (26, 46, 47) . For example, IL-4 profoundly inhibits the development of Th1 responses via a number of mechanisms, including the downregulation of the IL-12Rβ2 chain (48) (49) (50) and the regulatory function of the transcription factor T-bet (51) . Conversely, IFN-γ, which upregulates the IL-12Rβ2 chain (48) (49) (50) , inhibits the development of Th2 cells (47) . That this is important for the regulation of immune responses in vivo has been well established in a mouse model of leishmaniasis. In contrast to most other mouse strains, BALB/c mice infected with Leishmania major respond with a vigorous Th2 response and are incapable of eradicating the pathogen (24, 52) . In this system, IL-4 inhibits the development and function of Th1 cells producing IFN-γ that are essential for L. major clearance (24, 52) . IL-4 and IL-13 also inhibit the production of proinflammatory cytokines that are involved in pathogen killing by macrophages (26, 46, 53) .
Given that chronic Th1 and Th2 responses are often mutually exclusive, a hypothesis put forward in the mid-1990s proposed that protection from autoimmune diseases, such as EAE and IDDM, could be achieved by shifting from a "Th1" to a "Th2" cytokine milieu that would switch off detrimental Th1-type immune responses (reviewed in ref. 26) . It was suggested that administration of soluble antigen without adjuvant or oral administration of soluble antigens (26, 45, 46) would lead to the inhibition of detrimental Th1 responses via a Th2-dependent or TGF-β-mediated mechanism. Although Th2 cell-derived cytokines can, under some conditions, protect against autoimmune pathologies by inhibiting Th1 responses (reviewed in refs. 32 and 54), the fact that Th2 cells themselves can also cause immunopathology (55, 56) makes it clear that additional mechanisms are needed to regulate both Th1 and Th2 responses, including TGF-β (45) and/or IL-10 (27) .
Other regulatory circuits
Regulation of immune responses is a complex process and undoubtedly requires the action of multiple regulators on a variety of effector cells. This is exemplified by the observation that a particular subset of CD4 + T cells, the NK T cell (NKT cell), suppresses antitumor immunity in the mouse through the inhibition of CTL function (57, 58) . The negative immunoregulatory circuit of CTL-mediated tumour immunity is further mediated by TGF-β, myeloid cells, IL-13, as well as CD1d-restricted NKT cells. The glycolipid tumor antigen presented by APCs in the context of CD1d is recognized by and activates NKT cells (57, 58) . Activated NKT cells in turn produce IL-13, which acts on Gr-1 + CD11b + myeloid cells that express the IL-13 receptor. These Gr-1 + CD11b + myeloid cells then produce TGF-β and suppress the CD8 + CTLs that kill tumor cells, thereby suppressing tumor immunity (57, 58) . It is likely that such complex circuits are also in place to regulate immune responses to pathogens, although this still needs to be determined.
IL-10 and a lull in the battle: taking the edge off the immune response
The regulatory capacity of antigen-driven IL-10 Tregs and of naturally occurring Tregs and the induction of immunosuppressive cytokines such as IL-10 and TGF-β provide a new layer of immune regulation to inhibit both Th1-and Th2-type immune responses (Figure 1 ) (reviewed and referenced in refs. 1-6, 8, 10, 11, 16, 17, 23, 25, 27, 35, 42, 44, and 59-62) .
IL-10 is essential in limiting immune responses to numerous pathogens and subsequent immune pathologies (27, 35, 63) . For example, mice carrying a deletion in the IL-10 gene, when infected with the malaria parasite Plasmodium chabaudi chabaudi, mount an overexuberant response that is damaging to the host (64) . Furthermore, mice with the same deletion in the IL-10 gene become highly susceptible to inflammatory bowel disease (ref. 65 ; reviewed in refs. 25, 27, and 63) . Although IL-10 was originally described as a cytokine produced by Th2 cells, it is now clear that it is produced by both IL-10 Tregs and other T cells, including Th1 cells (27, 63) or, under certain conditions, naturally occurring Tregs and CD8 + T cells (66-68), macrophages, DCs (29, 30) , and B cells (27, 28) . Indeed, B cell-derived IL-10 has been shown to inhibit pathology in the autoimmune disease EAE (28) . Since IL-10 indirectly inhibits the development of Th1 responses and cytokine production by Th1 cells via inhibition of the production of proinflammatory cytokines such as IL-12 by DCs and macrophages, it is surprising that IL-10 is also produced by Th1 cells (25, 27) .
Role of IL-10 in infectious diseases and evasion maneuvers of the pathogen
The role of IL-10 in the regulation of immune responses to infectious diseases has been well documented in experimental mouse models. Injection of recombinant IL-10 or its overexpression in IL-10 transgenic mice enhances survival in mice in toxic shocklike syndromes and leads to inhibition of the immunopathology observed during infection by a wide variety of pathogens (reviewed in ref. 27 ). Furthermore, IL-10 has been shown to strongly inhibit the immune response to many pathogens including Toxoplasma gondii (69), the malaria parasite P. chabaudi chabaudi (64), Trypanosoma cruzi (70) , and Helicobacter hepaticus (71, 72) . These effects may in part be due to the well-known ability of IL-10 to suppress TNF production (reviewed in ref. 27) . Conversely, reduction of IL-10 levels using neutralizing anti-IL-10 or anti-IL-10R mAbs, or IL-10 gene-deleted mice, resulted in increased resistance to a variety of pathogens, including Listeria monocytogenes, T. gondii, P. chabaudi chabaudi, Candida albicans and T. cruzi, but in some cases resulted in immunopathology (reviewed in ref. 27 ). Again, these effects are due perhaps to TNF-dependent mechanisms as well as an IL-12-induced Th1 response. Taken together, these results indicate that IL-10 can block certain immunopathologies while its loss can result in better protection from some pathogen infections, probably through the enhancement of Th1 responses as well as the production of TNF.
The role of IL-10 in blunting immune responses to specific antigens was demonstrated in a series of experiments using human PBMCs from individuals with documented infection by a variety of pathogens. Immune responsiveness was improved in the presence of anti-IL-10 mAbs in leishmaniasis (73) , filariasis (74), schistosomiasis (75), leprosy (76) , and tuberculosis (19, 77) .
The relative levels of IL-10 and IFN-γ produced by T cells are thus an important determinant of the balance between clearance and persistent infection with certain pathogens such as MTb (19, 63, (78) (79) (80) , Mycobacterium avium (81), L. major (82) (83) (84) , L. monocytogenes (85) and T. gondii (69) . Like TNF, IFN-γ is reciprocally regulated by IL-10 (27) and is critical in the clearance of MTb (86, 87) . Notably, several studies have also demonstrated that both TNF and IFN-γ can be detrimental in tuberculosis patients (88, 89) , particularly in the central nervous system (90) . Therefore the ratio of IL-10 to either TNF or IFN-γ appears to be critical to the ability of the immune system to eradicate MTb with minimum pathology.
It is of note that of the estimated 42 million individuals infected with HIV-1 globally, over 11 million are coinfected with MTb (91) . Recent studies demonstrated that the relative levels of IL-10 and TNF elicited in MTb recall responses that have a direct impact on HIV-1 replication levels (80) . TNF, which is critical in controlling MTb infection, enhances HIV replication. Conversely, IL-10 and the presence of IL-10 Tregs, which blunt immune responses to MTb antigens, inhibited HIV-1 replication in an ex vivo experimental model, in part via their inhibition of TNF production (80) . On the other hand, recent work demonstrated that CD25 + CD4 + Tregs from PBMCs of asymptomatic HIV-infected individuals regulate HIV-1 specific immune responses in a cell-contact dependent, IL-10-independent, manner (21) . Another study has shown that induction of Tregs by cytomegalovirus also inhibits anti-HIV-1 immune responses (20) .
Are IL-10 and naturally occurring Tregs allies?
The T cell source of IL-10 during responses to infectious pathogens could be Th1 cells, Th2 cells, CD8 + T cells (reviewed in refs. 25, 27, 63, and 68), or Tregs (1-8, 19, 83, 92) . Thus, although naturally occurring and IL-10 Tregs were originally implicated in the regulation of autoimmune and/or inflammatory pathologies (25, 35) , they also modulate responses to infectious pathogens. IL-10 Tregs were shown to inhibit T cell responses to MTb antigens in vitro in the human host (19, 79) . Subsequently, it has been suggested that in H. hepaticus infections in mice, antigen-driven IL-10 Tregs are critical in regulating colitis induced by this organism (93) . On the other hand, it was shown in L. major infections in mice that naturally occurring CD25 + Tregs regulate the immune response to the pathogen and under these conditions produce IL-10 (83). Naturally occurring Tregs have been shown to inhibit immune pathologies and autoimmune diseases in vivo, probably through their ability to control T cell numbers in vivo and their manipulation of the cytokine milieu as described above (16, 35) . They also regulate naive T cell proliferation in vitro. Furthermore, the specific mechanisms used by naturally occurring Tregs for their suppressive function is influenced by the specific immune reaction they are involved in regulating. This can involve cell-contact-dependent mechanisms with an as-yet-unidentified molecular basis, CTLA4, and cytokines, including IL-10 and TGF-β (10, 12, 16, 17, 35, 37, 38, (40) (41) (42) (43) 94) or, as more recently described, indoleamine 2,3-dioxygenase (IDO) (95, 96) . Some mechanisms whereby naturally occurring Tregs may inhibit reactivities to self, either in autoimmunity or inflammatory pathologies that may be associated with microorganisms, such as is found to occur in colitis (17, 35) , and appear to also be used to regulate immune responses to pathogens (19, 83, 93) . This is undoubtedly essential in order to limit an immune response to a pathogen and thus avoid immunopathology in the host. The ability to control the number of lymphocytes (16, 35, 97) and the class and magnitude of the immune response (24, 27, 63, 98) could confer an evolutionary advantage whereby a host could effectively fight an infection while limiting secondary immunopathology. Alternatively, pathogen-induced immunosuppression provides a powerful immunoevasion strategy for the invading organism.
IL-10 Tregs can be induced under particular experimental conditions of antigenic stimulation in vitro and in vivo (1) (2) (3) (4) (5) (6) (7) (8) 99) and in natural infection in vivo (reviewed in refs. 19, 25, 27, 71, 72, 83, and 92) . In addition, IL-10 is also induced in vivo by administration of soluble protein antigen, which is known to generate anergy/tolerance (2, 5, 7, 8, 99) . Sundstedt et al. have demonstrated that IL-10 Tregs can be induced by repeated intranasal administration of an antigenic peptide of myelin basic protein and that these regulatory cells inhibit the proliferation of naive myelin basic protein-specific T cells both in vitro and in vivo. However, in keeping with previous findings using CD4 + CD25 + Tregs (12, 97) , it was discovered that IL-10 mediated the suppression of naive T cells in vivo but not in vitro (2, 8) . In support of these findings, it was reported that naive CD4 + T cells generated in vitro as a homogeneous population of IL-10-secreting cells, possibly representative of those in vivoderived populations described earlier, show regulatory function that blocks EAE. In addition, the development and function of these cells in vivo is IL-10 dependent (6). However, the inhibition of in vitro T cell proliferation by these IL-10 Tregs is not IL-10dependent (2, 8) . It is thus possible that naturally occurring and antigen-driven IL-10 Tregs use different mechanisms when they regulate T cell proliferation in vitro or in vivo or when they control different in vivo immune responses and/or pathologies observed in colitis and gastritis (94) .
In mice, IL-10 Tregs share some functional properties with naturally occurring CD4 + CD25 + Tregs. These naturally occurring Tregs were first identified by their ability to control various manifestations of autoimmunity secondary to neonatal thymectomy in mice (10) and have been shown to inhibit a number of autoimmune pathologies (10, 12, 35) . More recently, they were shown to inhibit the proliferation of naive CD4 + T cells via a cell-cell contact-dependent mechanism in both mouse and human (12, 100) . It was also shown that this property is shared with IL-10 Tregs (2, 8) . This suppression of naive T cell proliferation was suggested in some systems to be mediated by cell-surface-bound TGF-β (41).
Figure 2
Cross-regulation of effector Th responses and feedback inhibition of naive T cell proliferation. IL-12 produced by the dendritic cell drives Th1 cells (IFN-γ). IL-4 produced by a variety of sources, including in some cases the naive T cell itself, drives Th2 cells to secrete cytokines (IL-4/IL-10). These effector subsets and the cytokines they produce or that drive them inhibit each other's differentiation. Repetitive activation of effector Th cells with cognate antigen results in the differentiation of regulatory Th cells with inhibitory function via as-yet-unknown mechanisms. Proliferation of naive CD4 + T cells is controlled by inhibition of the antigen-presenting cell function of the DCs via both IL-10-dependent and IL-10-independent mechanisms. Green lines with arrows, activation/differentiation; red lines with block, inhibition.
The development of CD4 + CD25 + naturally occurring Tregs has been shown to be dependent on Foxp3 (refs. 13-15 ; reviewed in ref. 16 ). The absence of functional Foxp3 in the natural mutant scurfy mouse and in the Foxp3 -/mouse results in a severe lymphoproliferative disorder and inflammatory pathologies, which are also similar to those observed in patients carrying a Foxp3 mutation (refs. 13 and 15; reviewed in ref. 16 ). Furthermore, transduction of nonregulatory T cells with Foxp3 in a retrovirus or as a transgene conferred regulatory functions upon these cells both in vitro and in vivo (13) (14) (15) . IL-10 Tregs can be isolated from TCR-transgenic mice on a RAG-deficient background that do not possess any naturally occurring CD4 + CD25 + Tregs (6) . Furthermore, IL-10 Tregs express low to undetectable levels of Foxp3 in contrast to the naturally occurring Tregs, yet both types of Tregs inhibit naive T cell proliferation independently of IL-10 via a cell contact-dependent mechanism (8, 12, 100) . Thus, IL-10 Tregs and naturally occurring Tregs appear to be developmentally distinct, and Foxp3 is not required for the inhibition of naive T cell proliferation in this system. Whereas in vivo inhibition of the expansion of T cell numbers (2, 97) , EAE (2, 6) , and colitis (17) by either CD4 + CD25 + Tregs and IL-10 Tregs has been shown to be mediated via IL-10-dependent mechanisms, other pathologies are not (12, 94) .
In addition to the inhibition of Th1 responses by IL-10 via its inhibitory action on DCs and macrophages, naturally occurring CD4 + CD25 + Tregs can also inhibit the development of Th1 and Th2 responses (18) . In the human, IL-10 produced by Tregs obtained from immunocompetent tuberculosis patients who displayed no T cell-mediated skin reactivity to subcutaneous injection of purified protein derivative injection inhibited the proliferation of alloreactive T cells and their production of IFN-γ and TNF in vitro (19, 79, 80) . In this case IL-10 may operate via inhibition of IL-10-sensitive APCs, such as DCs and macrophages, which may have been activated in the context of the innate immune response and/or via a direct effect on the T cell. Whether these IL-10 Tregs induced in chronic infectious disease developed in the thymus via a Foxp3-dependent mechanism or in the periphery by repeated antigenic stimulation as do the antigen-driven IL-10 Tregs in mouse models discussed earlier (2, 6, 8) remains to be determined, although the latter possibility seems probable. On this note, it has been reported that mouse CD4 + CD25 + Tregs produce IL-10 and regulate the immune response to L. major, in part via the action of IL-10 (83), but again, since CD25 is expressed on activated CD4 + T cells in this system, the relationship of these cells to naturally occurring CD4 + CD25 + Tregs or peripherally-derived IL-10 Tregs is unclear. This is also the case for antigen-driven IL-10 T cells arising during H. hepaticus infection, which inhibit the development of colitis via the action of IL-10 (93).
Although blockade of IL-10 has been suggested as a strategy for immunotherapy in chronic infectious disease, since this leads to sterilizing immunity (83, 84) , this has also been shown in some systems to result in a loss of immunity to reinfection (83) . Thus a balance between effector T cells and Tregs in sites of chronic infection may allow parasite survival in the host while maintaining host immune memory and control of the pathogen.
It is important to bear in mind that IL-4 also plays a major role in regulating the immune response to L. major in BALB/c mice via inhibition of the development and function of Th1 cells (24, 52) . Interestingly, it has also been reported that CD4 + CD45RB low cells, which contain CD4 + CD25 + Tregs and possibly some effector populations, were shown to inhibit colitis via the action of TGF-β and IL-10 but not IL-4 (17, 40) whereas the same population of T cells inhibited the immune response to L. major via the action of IL-4 (34) . Thus, the coexistence of Th2 cells and IL-10 and naturally occurring Tregs is worth considering although it is clear that under some conditions both types of Tregs and IL-10 can inhibit allergy-inducing Th2 responses (44, 60) .
An alliance against immunopathology
Activation of DCs happens mostly through engagement of Tolllike and other pattern-recognition receptors (101) . The type of DCs presenting the antigen and the conditions under which the response is initiated determine the class of immune response elicited and its outcome (102) . B lymphocytes, for example, produce cytokines such as IL-10 and TNF, which can modulate the type and the magnitude of the immune response against a given antigen and inhibit or drive autoimmunity (27, 28, 103, 104) . Thus it is apparent that many cells may contribute to the regulation of immune responses via their production of IL-10 rather than proinflammatory cytokines and, in addition, that different regulatory mechanisms will be involved during immune responses at different stages, depending on the degree of inflammation, the specific pathogen, and the stage of the immune response.
Limiting collateral damage: final speculation
Mice or humans with a defect in the transcription factor Foxp3 display a strong lymphoproliferative disorder and extreme immune dysregulation at the neonatal stage (reviewed in ref. 16 ). Some of these manifestations are reminiscent of the phenotype observed in CTLA4 -/mice, which again show a strong lymphoproliferative disorder at an early age in ontogeny leading to immune pathologies (105) . By contrast IL-10 -/mice do not exhibit this lymphoproliferative disorder but only later in life become susceptible to colitis, dependent upon the gut flora (35, 65) , consistent with the notion that IL-10 plays a crucial role in the regulation of immune responses at the interface of innate and adaptive immunity (99) . This would explain the fundamental role of IL-10 Tregs and other IL-10 producing cells in the regulation of immune responses to infectious pathogens, in which one of their most important roles is likely to be the feedback inhibition to limit immune responses and minimize inflammatory pathologies ( Figure 2 ). Neutralization of IL-10 during infections may prove to be a valuable therapeutic tool to enhance immune responses in chronic infection.
